Patients with breast cancer (Bc) and lung cancer (Lc) are prone to developing brain metastases, which are associated with devastating prognoses. dormant tumor cells, a population of non-apoptotic quiescent cells and immunological escape mechanisms, including the Natural Killer Group 2 member d (NKG2d) receptor-ligand system, represent potential mechanisms of tumor recurrence. To date, the immunological characteristics of dormant tumor cells concerning the NKG2d system in cerebral malignancies are mostly unknown. In the present study, an extensive characterization of dormant and NKG2d ligand (NKG2dL) + cells in cerebral metastases was performed. The expression profiles and localization patterns of various NKG2dL and several dormancy markers were analyzed in solid human brain metastases from patients with Bc and Lc using immunostaining and reverse transcription-quantitative polymerase chain reaction analyses. Statistical analysis was performed using Student's t-test and Bravais-Pearson correlation analysis. Not only 'peripheral', but also 'central' dormancy markers, which had been previously described in primary brain tumors, were identified in all cerebral metastases at detectable levels at protein and mRNA levels. Notably, the majority of NKG2dL + cells were also positive for 'central' dormancy markers, but not 'peripheral' dormancy markers in both patient groups. This cell population may represent a promising future therapeutic target.
Introduction
Brain metastases are the most common intracerebral tumors. In the majority of cases, brain metastases have a devastating prognostic effect, as treatment options like chemotherapy and radiotherapy have only limited efficacy (1) . Median survival is <1 year in most patients (2) . The primary cancer types that frequently metastasize to the brain are lung and breast cancer, melanoma, renal and colorectal cancer (3) . As the incidence is 2-to 10-fold higher compared with primary brain malignancies like glioblastoma (4), brain metastases have a major clinical relevance. The average age at diagnosis in western populations is increasing, and overall survival in a number of primary tumors improved due to new targeted treatment strategies and the increased availability of cranial magnetic resonance imaging. As a consequence, the incidence of cerebral metastases is also increasing (5) . In a number of cases, brain metastases occur following successful treatment of the primary tumor including resection, chemotherapy and radiation therapy. This is mainly due to a small percentage of tumor cells, which hardly proliferate and are insensitive to chemotherapy, remaining in the patient following treatment (6, 7) . These dormant cells have the ability to be reactivated and therefore can be the source of recurrence. dormancy is understood as a combination of three different mechanisms (8) , including cellular dormancy (9) (10) (11) and tumor dormancy (12) (13) (14) (15) . cellular dormancy is described as a state in which solitary disseminated cancer cells either circulate in the blood or settle at secondary sites in a quiescent state. Tumor dormancy is described when tumors, as an accumulation of cells, do not expand in size over a long period of time. Importantly, tumor dormancy crucially depends on the microenvironment and tumor stroma, which both induce tumor cell quiescence. Additionally, systemic factors, like the immune system, hormonal control or blockage and insufficiency of tumor angiogenesis may result in tumor dormancy (11, (16) (17) (18) (19) (20) (21) (22) (23) (24) . The majority of studies investigating dormant cells have focused on the bone marrow niche as a potential microenvironment. dormant cells are defined by their low proliferation rate, which is associated with a decreased expression of proliferation marker protein Ki-67, a protein that is exclusively expressed in the G1-, S-, G2-and M-phases of the cell cycle (25) . Identification of dormant cells in vivo is challenging, but there are several markers that are known to be present on dormant cells. Induction of dormancy has been closely associated with the effect of fibroblast growth factor 2 (FGF-2) in breast cancer (26) . cells being stimulated with FGF-2 in the bone marrow niche turned into dormant cells, making FGF-2 one of the key regulators of dormancy (27) . Other possible markers for dormant cells in breast cancer are thrombospondin-1 (25) and cyclin-dependent kinase inhibitor p27 (28) . de Jong et al (29) indicated that, in invasive breast cancer, expression of platelet-derived growth factor β (PdGFβ) was positively correlated with the apoptotic index. Additionally, mice bearing microscopic dormant liposarcomas exhibited a significant increase in platelet-associated angiogenesis regulatory proteins including basic fibroblast growth factor (bFGF) and PdGFβ. These proteins have also been suggested to serve as potential biomarkers for dormant cells (30) . PdGFβ serves, among other functions, an important role in the metastasis process (26) . Hypoxia is considered to be an important inductor of dormancy, as upregulation of dormancy genes is closely associated with genes like glucose transporter, type 1 (GLUT1) and hypoxia-inducible factor 1-α (HIF1-α) (31) . This has been described for disseminated tumor cells in the bone marrow for breast cancer, but additionally in lung cancer, where induction of dormancy is markedly associated with hypoxia (32) . Under hypoxic conditions, which frequently occur on a cellular level in lung cancer, HIF1-α is upregulated and leads to a glutamate dehydrogenase-dependent increase in glutamine uptake, glutamate to α-ketoglutarate flux and generation of ATP, which serves an important role in survival and drug-resistance in lung cancer cells (33) and breast cancer (31) . In summary, fibroblast growth factor 2 (FGF2), PdGFβ, and HIF1-α are dormancy markers that may be used to identify dormant cells outside the central nervous system. They are designated as 'peripheral' dormancy markers in the following text.
Almog et al (19) performed a genome wide transcriptional analysis of dormant breast cancer, glioblastoma, osteosarcoma and liposarcoma tumors derived from human cell lines. This led to, among the confirmation of known dormancy markers like thrombospondin-1, angiomotin and tropomyosin, the identification of novel dormancy specific biomarkers. Histone cluster 1 H2B family member K (H2BK), Ephrin receptor A5 (EphA5) and insulin-like growth factor-binding protein 5 (IGFBP5) were markedly upregulated in dormant cells derived from glioblastoma, which is a highly malignant primary brain tumor.
The Ephrin family of receptor tyrosine kinases and their ligands are involved in embryonic and adult neurogenesis (34, 35) . EphA5 itself is considered to be a membrane receptor, but is also identified at increased levels of dormant-tumor bearing mice. Levels decrease with increasing tumor stage in glioma.
Histone H2BK is a core component of the nucleosome. Whereas histone acetylation is well known to affect angiogenesis, the role of histone H2BK in tumor progression remains unclear (19) .
The insulin-like growth factor (IGF) axis is known to be an important pathway in carcinogenesis (36, 37) . IGFPBs control the binding of IGF to its receptor and were demonstrated to serve a critical role in the conversion of dormant tumors to fast-growing angiogenic tumors (19) .
Recently we were able to demonstrate that H2BK, IGFBP5 and EphA5 are also expressed in human glioblastoma cell lines in situ. Stimulation with the chemotherapeutic agent temozolomide, which is frequently used in clinical therapy of glioblastoma, leads to upregulation of IGFBP5 and EphA5 under certain conditions (38) .
In summary, H2BK, IFGBP5 and EphA5 are markers of dormant cells in the central nervous system, and were termed 'central' dormancy markers in the present study.
The Natural Killer Group 2d (NKG2d) system is crucial for recognition of malignant cells. Induced by challenging environmental conditions, malignant cells in the brain express several stress inducible molecules like the Natural Killer Group 2d ligands (NKG2dL), which are usually recognized by the NKG2d receptor (NKG2dR) (39, 40) . NKG2dL are not expressed under healthy conditions, but are induced due to different types of cellular stress, for example viral infection, genotoxic stress, or malignant transformation (41) . To date, 8 different NKG2dL are known: MHc class I chain-related protein A (MIcA) and B (MIcB) and 6 members of the UL16-binding protein family (ULBP1-6) (42) . NKG2dR are located on effector cells of the immune system, including NK cells, γδ T cells, cd8 + T cells and a minor subset of immune regulatory cd4 + T cells (43) . Binding of the ligand to the receptor results in killing of the NKG2dL-carrying cell. To avoid this, tumor cells can release NKG2dL by shedding them from the surface or releasing them in exosomes (44) . In primary brain tumors, such as glioblastoma, the NKG2d system serves an important role in tumor immunosurveillance (45) . In contrast to a number of other tumors, cells isolated from glioblastoma rarely express NKG2dL on their surface (40) . Notably, glioma stem-like cells appear to carry certain subsets of NKG2dL on their surface, which they tend to upregulate when treated with temozolomide (45) . As therapy itself might be part of the acquisition of dormancy (46) , and chemotherapy has been suggested to be involved in the regulation of immune-associated factors like the NKG2d system, dormancy and immunosurveillance are closely connected. At present, the molecular mechanisms behind the survival of dormant cells in the neural niche and their invisibility to effector cells of the immune system are mainly unknown.
The aim of the present study was to investigate the NKG2dL expression pattern of dormant cells in cerebral metastases of breast and lung cancer patients in situ, and to determine whether there was a brain-specific 'central' dormancy phenotype, represented by markers like EphA5, H2BK and IGFBP5, which has been described primarily in glioblastoma, or a 'peripheral' dormancy phenotype, represented by markers like PdGFβ, FGF2 and HIF1-α in association with immunogenicity represented by the NKG2dL system. As dormant cells serve a crucial role in tumor recurrence and survival, deciphering the immunogenicity in cerebral metastases might assist to identify future therapeutic targets.
Materials and methods
Tissue samples. cerebral metastases of 6 patients with breast cancer and 9 patients with lung cancer were surgically resected at the department of Neurosurgery, University Medical center Schleswig-Holstein. The present study was approved by the Ethics committee of the University of Kiel (approval no. d536/15) and was in accordance with the Helsinki declaration of 1964 and its later amendments. Informed consent was obtained from all individual patients included in the study. Patient information is provided in Tables I and II. Tissue was frozen in liquid nitrogen directly following resection. The median age of breast cancer patients was 61 years. All patients with breast cancer were female; brain metastases were located in the frontal lobe in 4 cases, and occipital and cerebellum in 1 case. A total of 55.6% of patients with lung cancer were female, and the median age was 57 years. The metastases were located in the frontal lobe in 1 cases, the temporal lobe in 2 cases, the cerebellum in 3 cases, the parietal lobe in 3 cases and the occipital lobe in 2 cases. certain patients presented with >1 metastases or metastases on the border of two lobes.
A total of 4 of the 6 patients with breast cancer had received chemotherapy according to clinical guidelines prior to diagnosis of the cerebral metastasis. All patients with breast cancer were treated with mastectomy or segment resection of the primary tumor prior to surgical removal of the cerebral metastasis. Only 1 of the patients was diagnosed with brain metastases prior to the diagnosis of breast cancer. A total of 4 breast cancer metastases samples were positive for estrogen receptors. None were positive for progesterone receptors.
A total of 8 of 9 patients with lung cancer were diagnosed with cerebral metastases prior to diagnosis of the primary tumor. Histologically, adenocarcinoma was diagnosed in all patients with lung cancer. All diagnoses were verified by a pathologist.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). RNA was isolated using TRIzol ® (Thermo Fisher Scientific, Inc.). The method used was first described by chomczynski and Sacchi (47) following modifications made in accordance to the manufacturer's protocol. dNA was digested by RNase free dNase (Promega corporation).
cdNA synthesis and RT-qPcR were performed using TaqMan MasterMix and Primer Probes (Applied Biosystems; Thermo Fisher Scientific, Inc.): Human (h)GAPDH [hGAPDH; (assay Id: Hs99999905_m1)], hH2BK (assay Id: Hs00955067_g1), hIGFBP5 (assay Id: Hs00181213_m1), hEphA5 (assay Id: Hs00300724_m1), hPdGFβ (assay Id: Hs00966522_m1), hHIF1A (assay Id: Hs00153153_m1), hFGF2 (assay Id: Hs00266645_m1), hMIcA (assay Id: Hs00792195_m1), hMIcB (assay Id: Hs04187752_mH), hULBP1 (assay Id: Hs00360941_m1) and hULBP2 (assay Id: Hs00607609_mH) and hULBP3 (assay Id: Hs00225909_m1). cycle of threshold values (cq) were measured by a cycler (QuantStudio 5, Applied Biosystems by Thermo Fisher Scientific). Gene expression levels were normalized to the housekeeping gene GAPdH using the following formula: Δcq=cq (gene of interest)-cq (GAPdH). As Δcq values correspond to the exponential course of the RT-qPcR, Δcq=3.33 corresponds to a 10-fold lower expression compared to GAPdH and Δcq=6.67 corresponds to a 100-fold lower expression. The relative gene expression compared with GAPdH (2 -Δcq ) was used for statistical analysis (48) . cq of n=41, which was the maximum cycle number, was defined as undetectable, as this would commonly represent the detection limit if 40 amplification cycles are run.
Immunohistochemistry. For in situ analysis of marker expression, 10 µm cryosections of 5 different patients with breast cancer and 4 different patients with lung cancer were stained by immunohistochemistry. Sections were fixated with an ice-cold acetone-methanol mixture (1:1) for 10 min. Blockade for autofluorescence was performed with sudan black (1% in 70% ethanol; carl Roth GmbH + co., KG). Subsequently, blockage of unspecific antibody binding was performed by adding 0.5% glycine/0.5% bovine serum albumin. The slides were then incubated with primary antibodies overnight at 4˚C, followed by secondary antibodies at 37˚C for 1 h. Nuclei were stained with dAPI (Sigma-Aldrich; Merck KGaA; 1:30,000), which was applied at room temperature for 30 min. All antibodies were diluted in TBS with 0.1% Tween (TBST). Sections were embedded with Immumount (Thermo Fisher Scientific, Inc.). Following each step, slides were washed with TBST. The primary antibodies used were rabbit anti-FGF2 (1:1,250; Abcam), mouse anti-H2BK (1:400, Biorbyt, Ltd), rabbit anti-IGFBP5 (1:400, Santa cruz Biotechnology, Inc.), rabbit anti-EphA5 (1:400; Santa cruz Biotechnology, Inc.), mouse anti-PdGFβ (1:20; Abcam), mouse anti-MIcA (1:150; Santa cruz Biotechnology, Inc.), mouse anti-MIcB (1:500; R&d Systems, Inc.), rabbit anti-ULBP1 (1:200; ProteinTech Group, Inc.), rabbit anti-ULBP2 (1:500; Abcam) and mouse anti-ULBP3 (1:250; R&d Systems). When both primary antibodies were derived from the same species, unspecific binding was blocked by adding F(ab) fragments from the same species (donkey anti-mouse and anti-rabbit F(ab) fragments; 1:1,000; Jackson ImmunoResearch, Laboratories Inc.). Subsequently, secondary antibodies were added. Isotype controls were performed by applying mouse or rabbit IgG1 (both R&d Systems) in concentrations adapted to the other primary antibodies used (1:1,000; Fig. 1 ). As secondary antibodies, donkey anti-mouse or anti-rabbit IgGs labelled with Alexa Fluor 488 or Alexa Fluor 555 (1:1,000; Invitrogen; Thermo Fisher Scientific, Inc.) were used ( Fig. 1 ). For negative controls, the primary antibodies were omitted.
Microscopy. Images were obtained with a Zeiss Oberver. Z1 microscope at x40 magnification (carl Zeiss AG In the breast cancer metastases tissues, no significant differences between mRNA expression of the NKG2dL MIcA, MIcB, ULBP1, 2 and 3 were observed (Fig. 2) . In lung cancer, MIcA and MIcB were highly expressed, with a significantly increased expression level of MICA compared with ULPB2 and 3 (Fig. 3) .
The majority of the other dormancy markers were also expressed at detectable mRNA levels in breast and lung cancer metastases [ Figs . EphA5 was expressed at the lowest levels in both cancer types. In breast cancer metastases, the 'peripheral' dormancy markers PdGFβ and HIF1-α were expressed at significantly increased levels compared with the 'central' dormancy marker EphA5 (Fig. 4) . Similar results were obtained in lung cancer metastases tissues, where HIF1-α and PdGFβ also exhibited significantly increased expression levels compared with EphA5 ( Fig. 5 ). In lung cancer metastases tissues, HIF1-α also was expressed at a significantly increased level compared with the 'central' dormancy marker H2BK. Among the 'central' dormancy markers, H2BK and IGFBP5 exhibited the highest expression levels, with significantly increased H2BK expression levels compared with the 'peripheral' dormancy marker FGF2 ( Fig. 5 ).
Bravais-Pearson correlation analysis. A Bravais-Pearson correlation analysis of the RT-qPcR data, including all
NKG2dL and dormancy markers, was performed.
In the breast cancer metastases tissues, the expression of MIcB was negatively correlated with expression of all other NKG2dL. The expression levels of MIcA, ULBP1, 2 and 3 were positively correlated with each other; the correlation between ULBP2 and 3 was observed to be significant (P<0.01; Fig. 6A ).
When analyzing the 'central' dormancy markers in the breast cancer metastases tissues, the expression levels of H2BK and IGFBP5 were identified to be positively correlated (P<0.01; Fig. 6A ).
The expression levels of the 'peripheral' dormancy markers in breast cancer metastases tissues were positively correlated with each other, but this result was not statistically significant ( Fig. 6A ). There was a significantly positive correlation between the expression of FGF2 and HIF1-α (P<0.01; Fig. 6A ).
The expression of 'central' dormancy markers was negatively correlated with expression of 'peripheral' dormancy markers in breast cancer.
The expression levels of all NKG2dL were positively correlated with the expression of nearly all 'peripheral' dormancy markers, with exclusion of the association between MIcB and PdGFβ; the correlation between MIcA and PdGFβ was observed to be statistically significant (P<0.01; Fig. 6A ) in breast cancer. The expression levels of all NKG2dL were negatively correlated with the expression of 'central' dormancy markers, with exception of MIcB, whose expression exhibited a slightly positive correlation with expression of EphA5 (Fig. 6A) .
When examining the cerebral metastases tissues from the patients with lung cancer, the results of the correlation analysis were more complex. Similar to the data from the metastases tissues from the patients with breast cancer, the expression of MIcB was negatively correlated with expression of all other NKG2dL. The expression of MIcA, ULBP1 and 3 were positively correlated. A significant correlation in lung cancer was observed in the expression of ULBP1 and 3, which were positively correlated (P<0.05; Fig. 6B ).
When examining the associations between the expression levels of the dormancy markers, mostly positive correlations Figure 5 . In vitro expression of 'central' (H2BK, IGFBP5, EphA5) and 'peripheral' (FGF2, PdGFβ, HIF1-α) dormancy markers in the cerebral metastasis tissues from patients with lung cancer. All dormancy markers were expressed at a stable level. The 'peripheral' dormancy marker HIF1-α was expressed at a significantly increased level compared with H2BK and EphA5, which are both 'central' dormancy markers. The 'peripheral' dormancy marker PDGFβ was expressed at a significantly increased level compared with the 'central' dormancy marker EphA5. Among the 'central' dormancy makers, H2BK and IGFBP5 were expressed at the highest levels. H2BK exhibited a significantly higher expression level compared with FGF2, which was expressed at relatively low levels. Overall, the expression of EphA5, one of the 'central' dormancy markers, was the lowest and was not detectable in 4 of the probes. * P≤0.05 and ** P≤0.01. H2BK, Histone cluster 1 H2B family member K; IGFBP5, insulin-like growth factor-binding protein 5; EphA5, Ephrin receptor A5; FGF2, fibroblast growth factor 2; PdGFβ, platelet-derived growth factor β; HIF1-α, hypoxia-inducible factor 1-α. Figure 4 . In vitro expression of central (H2BK, IGFBP5, EphA5) and peripheral (FGF2, PdGFβ, HIF1-α) dormancy markers in the cerebral metastasis tissues from patients with breast cancer. mRNA levels were analyzed by reverse transcription-quantitative polymerase chain reaction. comparable with measurements in the patients with lung cancer metastases, all dormancy markers were expressed at a stable level. The 'peripheral' dormancy markers HIF1-α and PdGFβ exhibited significantly increased expression levels compared with the 'central' dormancy marker EphA5. The expression level of EphA5 was decreased compared with H2BK and IGFBP5, but this was not statistically significant. * P≤0.05. H2BK, Histone cluster 1 H2B family member K; IGFBP5, insulin-like growth factor-binding protein 5; EphA5, Ephrin receptor A5; FGF2, fibroblast growth factor 2; PDGFβ, platelet-derived growth factor β; HIF1-α, hypoxia-inducible factor 1-α. were observed between the expression levels of all 'peripheral' dormancy markers with all other 'central' dormancy markers in lung cancer metastases. Only the expression of EphA5 was negatively correlated with the expression of the other 'peripheral' dormancy markers FGF2 and HIF1-α, but this was not significantly different (Fig. 6B) .
The correlation analysis concerning NKG2dL and dormancy marker expression in lung cancer metastases was heterogeneous. The MIcA and ULBP3 expression levels were negatively correlated with the expression of 'central' and 'peripheral' dormancy markers, with the exception of FGF2, which exhibited a moderate, non-significant positive correlation. Expression of MICB was significantly positively correlated with the expression of the 'central' dormancy marker IGFBP5 and the 'peripheral' marker HIF1-α. The expression levels of ULBP1 and 2 were significantly positively correlated with the expression of the 'central' dormancy marker EphA5. There was no significant correlation between MIcB and EphA5 observed.
Double immunostaining. To specify the in situ distribution and localization of dormancy markers, cryo-sections of cerebral metastases from patients with breast and lung cancer were stained. The NKG2d ligands MIcA, MIcB, ULBP1 and ULBP2 were stained in combination with the 'central' dormancy markers EphA5, H2BK and IGFBP5 and the 'peripheral' dormancy markers PdGFβ, FGF2 and HIF1-α. The staining results are summarized in Fig. 7A and B . The numbers of stained tumors is also presented in Fig. 7A and B . A high degree of consistency concerning the staining results between the different patients and between different areas of the tumors was observed. Example images of the staining results are presented in Figs. [8] [9] [10] [11] . In order to provide a respresentative impression, only one image per combination of markers and per tumor entity has been presented. In cases where this one image does not represent the results obtained in all areas the tumors, a second image was added in a white box from a second area of a second tumor. If the image in the white box was taken from another tumor of the same entity, it was marked with an asterix.
Double immunostaining for dormancy markers among each other. All dormancy markers were detectable using double immunostaining (Fig. 8A-c) . The majority of the marker-positive cells were identified as single cells or in small clusters.
When staining for 'central' dormancy markers exclusively, a broad co-staining of IGFBP5 with H2BK and IGFBP5 with EphA5 was observed in breast cancer metastases. In the lung cancer tissues, a broad co-staining of all 'central' dormancy markers was identified. This was the case in different areas of one tumor, but also when comparing tumors from different patients. The distribution pattern was similar in breast and lung cancer metastases tissues (Fig. 8A) .
When considering the 'peripheral' dormancy markers, several partial co-staining patterns were observed in breast cancer: HIF1-α with FGF2; HIF1-α with PdGFβ; and PdGFβ with FGF2 (Fig. 8B) , and a partial or complete co-staining in lung cancer metastases (Fig. 8B) .
When staining for 'peripheral' and 'central' dormancy markers in breast cancer, a rare but partial co-staining of most markers was observed. Representative images for H2BK co-staining with 'peripheral' dormancy markers are presented in Fig. 8c .
In the lung cancer metastases tissues, the majority of the 'central' and 'peripheral' dormancy markers were partially co-stained with each other in a small number of samples. Representative sections are presented in Fig. 8c .
clearly observable co-staining between the majority of the 'central' dormancy markers and a lack of co-staining between the 'central' and 'peripheral' dormancy markers in both tumor types suggested that there may be a circumscribed population of dormant cells in each tumor type, which is defined by the expression of 'central' dormancy markers. As only a partial co-staining between the 'peripheral' dormancy markers was observed in both tumor types, Double immunostaining of NKG2DL. The majority of the NKG2dL + cells were identified in small groups or as single cells scattered over the tumor. Notably, most tumors exhibited a similar staining pattern, irrespective of the tumor type. MICA and MICB were identified to be co-stained. MICA was very rarely co-stained with ULBP1 and 2 in the breast cancer tissues. In the lung cancer samples, MIcA and ULBP2 were observed as co-stained. ULBP1 was co-stained with ULBP2 in both tumor types. MIcB was not co-stained with ULBP1 and 2 in breast cancer and partially co-stained with ULBP1 in lung cancer ( Fig. 9 ). As observed previously in glioma stem-like cells (45) , only a subset of NKG2DL was identified to be expressed simultaneously in each cell.
Double immunostaining of dormancy markers with NKG2DL.
Staining pattern for 'central' and 'peripheral' dormancy markers and NKG2dL was similar in breast and lung cancer metastases tissues.
In breast cancer metastases, co-staining for MIcA, MIcB and ULBP1 with 'central' dormancy markers H2BK and IGFBP5 was observed in a small number of samples. EphA5 was frequently co-stained with MIcB, ULBP1 and 2. ULBP2 was identified to be co-stained with 'central', but not 'peripheral' dormancy markers in breast cancer tissues. Representative images are presented in Fig. 10A .
NKG2dL + cells therefore appear to be hallmarked by a spectrum of 'central' dormancy markers in breast cancer metastases tumors.
In the lung cancer metastases tumors, co-staining for MIcB and ULBP1 with IGFBP5 was observed in a small number of samples; representative images are presented in Fig. 10A . MIcA and MIcB were co-stained with H2BK and EphA5 in some, but not all cells. ULBP1 was co-stained with H2BK and EphA5 in examined all cells. Unlike in breast cancer metastases, ULBP2 was co-stained with H2BK, IGFBP5 and EphA5 (Fig. 10A) .
When analyzing the 'peripheral' dormancy markers, similar staining patterns were observed when comparing breast and lung cancer metastases tissues. Representative images are presented in Fig. 10B . MIcA was completely co-stained with PdGFβ and HIF1-α. MIcB was completely co-stained with FGF2, but only partly with PdGF and HIF1-α. ULBP1 and 2 were rarely co-stained with PdGFβ in both tumor types, completely co-stained with HIF1-α in breast cancer, and partially co-stained with HIF1-α in lung cancer. ULBP1 and 2 were not co-stained with FGF2 ( Fig. 10) .
Although a positive NKG2dL and HIF1-α co-staining result was considered to be representative of 'peripheral' dormancy markers, the majority of the NKG2dL + cells were identified to express 'central' dormancy markers in lung cancer metastases.
Double immunostaining of dormancy markers with Ki-67. As previously described, Ki-67 is a protein primarily expressed during the G1-, S-, G2-and M-phases of the cell cycle (25) . Therefore, is not expected to be expressed in dormant cells. In the present study, HIF1-α was co-stained with Ki-67 ( Fig. 11 ). Ki-67 was observed to be primarily identified in the nucleus. H2BK, Histone cluster 1 H2B family member K; IGFBP5, insulin-like growth factor-binding protein 5; EphA5, Ephrin receptor A5; FGF2, fibroblast growth factor 2; PdGFβ, platelet-derived growth factor β; HIF1-α, hypoxia-inducible factor 1-α.
As indicated in Fig. 11 , HIF1-α and Ki-67 were not observed to be co-stained.
Discussion
Prognosis of patients with cerebral metastases is poor (49, 50) . Mechanisms of tumor escape in the periphery involve the NKG2d system and therapy resistance of dormant cells. NKG2dL + cells are usually detected by NKG2dR + cells and then killed by cytotoxic T-cells and NK cells. In cells that proliferate normally, this mechanism is avoided by the shedding of NKG2dL and its subsequent secretion in exosomes. dormancy, as a universal mechanism of chemo-resistance, crucially depends on the microenvironment that surrounds the disseminated tumor cells. The bone marrow and perivascular niches in particular have been closely investigated as important sites for the development of dormant tumor cells (46, 51) . To the best of our knowledge, the role of the NKG2d system in dormant cells in the brain has not been investigated fully.
EphA5, H2BK and IGFBP5 serve a role in glioblastoma and cerebral metastases. RT-qPcR analysis and IHc on cerebral metastases tissues from patients with breast and lung cancer indicated that the 'central' dormancy markers EphA5, H2BK and IGFBP5 were expressed at a stable level in both tumor entities.
Immunohistochemistry analysis revealed that these 'central' dormancy markers were co-stained with each other, but only occasionally with 'peripheral' dormancy markers. 'central' dormancy markers therefore appeared to be expressed by a special cell population in cerebral metastases, which may also be identified in other types of tumors of the brain. EphA5, H2BK and IGFBP5 as dormancy markers have been identified to be relevant in glioblastoma (19, 38) . None of these 'central' dormancy markers have been demonstrated to serve a role in the dormancy processes occurring outside of the central nervous system. Nevertheless, IGFBP5 has been identified in metastases of lung cancer and low levels of IGFBP5 were observed to be associated with improved survival in non-small cell lung cancer (52) . In breast cancer, IGFBP5 serves a role in peripheral tumor progression and is associated with tumor cell differentiation, apoptosis and regulation of cellular growth (53, 54) . EphA5 has been suggested to be involved in anticancer processes in breast cancer, and a deletion of EphA5 leads to a significantly increased susceptibility towards chemotherapeutics (55) . EphA5 has been demonstrated to be expressed in ~70% of all lung cancer cells and is markedly associated with radio resistance of lung cancer cells; the expression of EphA5 is markedly correlated with an increased mortality rate (56) . To the best of our knowledge, H2BK expression has not been identified in the development of peripheral cancer.
Notably, the microenvironment of the neural niche appears to lead to the development of a central type of dormancy in brain metastases, which is different from the type of dormancy observed in cells in the periphery. This confirms the importance of the microenvironment on the development of dormancy and may explain the varying susceptibility of tumor cell populations in different anatomical sites to chemo-and radiotherapy.
Dormancy marker expression of cerebral metastases is tumor type-specific, but homogeneous when comparing patients. All examined markers, in particular H2BK and IGFBP5, were expressed at detectable levels in RT-qPcR analysis.
In the breast cancer tissues, a negative correlation between the expression levels of the 'central' and peripheral' dormancy markers was observed. Therefore, 'central' and 'peripheral' dormancy marker expression was used to distinguish between the two populations of dormant cells. In the lung cancer tumor tissues, a positive correlation between 'central' and 'peripheral' dormancy markers was observed, with exception of EphA5, suggesting that the population of dormant cells cannot be divided into two separate populations based on these markers.
Breast and lung cancer metastases differ concerning the dormancy marker expression. This heterogeneity may, in part, explain the differences observed in chemo-resistance patterns (49) , which is frequently observed in numerous patients with brain metastases, particularly in breast cancer (57) .
Despite the clear tumor type-specific patterns observed, the staining results were highly homogeneous among different patients with the same tumor type. In contrast to glioblastoma, which exhibited a very high level of inter-and intratumoral heterogeneity, metastases clearly follow a distinct evolutionary path, which depends on their parent tumor type (58) . The present study demonstrated that the microenvironment of the brain affected the dormancy marker and NKG2dL expression levels in a site-specific manner. This is in concordance with the data from Kienast et al (59) , who demonstrated that the unique microenvironmental architecture of the brain exerts a selective drive on metastasized cells and leads to an induction of vascular dormancy in the perivascular neural niche. Therefore, it is not clear whether the distinct features of dormant metastatic cells in the brain are induced by the surrounding cerebral microenvironment, or whether they are selected from a minority of cells already expressing 'central' dormancy markers.
NKG2DL are differentially expressed in dormant cells. Similar to observations in glioblastoma and glioma stem-like cells (43, 45) , the expression levels of NKG2dL in dormant cells of cerebral metastases appear to differ on a cellular level. The present study demonstrated that, in breast cancer tissues, the populations of 'central' dormant cells contain a subset of NKG2dL + cells, which differs from the 'peripheral' dormant cells. In the breast cancer tissues, 'central' dormancy marker-expressing cells also expressed MIcB and 'peripheral' dormancy marker-expressing cells also expressed MIcA, ULBP1 and 2, as demonstrated by the RT-qPcR data. In the lung cancer cases, MIcB appeared to be expressed in cells that also expressed 'central' dormancy markers, primarily IGFBP5, as demonstrated by the RT-qPcR data. Notably, MIcB expression was correlated with HIF1-α expression in lung cancer metastases. This may be due to the overall high expression level of HIF1-α in the breast cancer metastases tissues, which was hypothesized to have occurred due to the hypoxic cerebral microenvironment. HIF1-α is a known key factor in the hypoxic response in cancer (60) . concerning the other NKG2DL, the expression profile patterns of NKG2DL in the dormant cells was not as able to distinguish between central and peripheral dormancy as in breast cancer.
Malladi et al (61) indicated that the depletion of NK cells in athymic mice resulted in permissive outgrowth of dormant tumors cells of breast and lung cancer and an increased number of bone metastases. They also demonstrated that dormant cells that survived NK cell surveillance exhibited a downregulation of several UL16 binding proteins (ULBPs). As the present study identified a preserved expression of NKG2DL in cells expressing 'central' dormancy markers, it was hypothesized that these cells may be susceptible to therapeutic approaches targeting 'central' dormancy markers. In addition, the mechanisms leading to downregulation of ULBPs in dormant cells in the periphery may not occur in the central nervous system.
Analysis of the expression of NKG2dL provides potential new therapeutic approaches. As a mechanism of tumor immune escape, tumor cells shed NKG2dL from their surface using a disintegrin metalloproteinases (AdAMs) (62) . There are several known inhibitors of AdAMs (63) . These may be effective in targeting a subgroup of dormant cells in the central nervous system.
The heterogeneity of NKG2dL expression in dormant cells may be an important immunological escape mechanism and may explain the heterogenous treatment responses and survival curves of patients with cerebral metastases (49) . Additionally, heterogeneity in NKG2dL expression has been described in other tumor entities including lymphoma (64), melanoma (65), leukemia (66), colorectal cancer (67), ovarian carcinoma (68) and glioblastoma (45) . The data from the present study demonstrates that this pattern of heterogeneity was also present in cerebral metastases tissues from patients with breast and lung cancer.
NKG2DL and dormancy marker RNA expression levels differ from surface expression. In the breast cancer cases, the mRNA expression levels of 'peripheral' dormancy markers were increased compared with the expression levels of the 'central' dormancy markers. The increased mRNA levels of the 'peripheral' dormancy markers were associated with a high expression level of NKG2dL. At a protein level, NKG2dL expression occurred primarily in cells carrying 'central' dormancy markers. In the lung cancer metastases tissues, the absolute mRNA expression levels of the 'peripheral' dormancy markers were also increased compared with the expression levels of the 'central' dormancy markers; however, a positive correlation between mRNA expression levels was observed. At the protein level, NKG2dL + cells were identified to express mostly 'central' dormancy markers.
Localization in-situ and protein expression levels, which were examined using IHc, and mRNA expression, which was examined using RT-qPcR, are not directly comparable.
Wolpert et al demonstrated that NKG2dL mRNA and surface expression levels may differ, which is most likely due to posttranslational and posttranscriptional modification (69) . Other mechanisms, including the induction of surface loss of MIcB via the secretory pathway by human cytomegalovirus, may also serve a role (70, 71) in this process.
Study limitations. As a very limited number of patients were included in the present study, the results are only preliminary. However, the staining results were highly consistent between the different patients. Nevertheless, due to the reproducibility of the results, they may be considered as representative. due to the limited availability of frozen tissue and corresponding dNA, immunocytochemistry was only performed in 5 of the 6 patients breast cancer and in 4 of the 9 patients with lung cancer. A quantitative analysis of protein expression would be valuable, but would not be meaningful in the low number of patients analyzed in the present study. The majority of the patients with breast cancer metastases in the present cohort received chemotherapy prior to the development and consequent surgical resection of brain metastases. This was not the case in the patients with lung cancer; in these patients, the brain metastases were the first detected manifestation of the tumor in 8 of the 9 patients with lung cancer who were included into the study. chemotherapy is known to induce dormancy, and therefore may have changed the expression patterns of the markers observed in the patients with breast cancer. Additionally, the cohort of lung cancer patients analyzed in the present study only represented a subgroup of patients, as the majority of cases of pulmonary adenocarcinoma are diagnosed prior to manifestation of brain metastases. It therefore cannot be excluded that the cohort of the present study is susceptible to systematic bias. An additional important limitation of the present study is that no healthy brain tissues were available to compare the dormancy markers and NKG2DL expression profiles. This is due to the fact that living cerebral cells and cryoprotected tissue from healthy donors are difficult to obtain. Using tissue from patients who underwent surgery for conditions such as epilepsy or brain trauma would incur a significant risk of bias, as trauma, ischemia and other pathologic stimuli are known to alter NKG2dL expression (41) . Using tissue from cadavers is also not an acceptable alternative, as the hypoxia occurring during death may also alter NKG2dL expression (72) .
In conclusion, breast and lung cancer brain metastases were demonstrated to express 'peripheral' dormancy markers at increased levels compared with 'central' dormancy markers at an mRNA level, which was predicted, due to the peripheral origin of the tumors. Notably, EphA5, H2BK and IGFBP5, which have been demonstrated to serve roles in glioblastoma, were observed to be important factors in cerebral metastases. NKG2DL are expressed at high levels, with tumor type-specific differences observed between different members of the family. NKG2DL were identified to be predominantly co-localized with 'central', not 'peripheral', dormancy markers in both tumor types examined. This cell population, which was demonstrated to be positive for NKG2dL and dormancy markers, may represent a highly attractive target for therapy in the future.
